
Insights into Ectodomain Shedding and Processing of
Protein-tyrosine Pseudokinase 7 (PTK7)*

Received for publication, April 10, 2012, and in revised form, October 18, 2012 Published, JBC Papers in Press, October 24, 2012, DOI 10.1074/jbc.M112.371153

Vladislav S. Golubkov1 and Alex Y. Strongin2

From the Cancer Research Center, Sanford-Burnham Institute for Medical Research, La Jolla, California 92037

Background: Protein-tyrosine pseudokinase 7 (PTK7) is an essential component of the Wnt pathway.
Results:PTK7 is regulated by an intricate post-translationalmechanism that, in addition toMT1-MMPandADAMproteolysis,
involves �-secretase and proteasomes, and these events contribute to cell invasion.
Conclusion: Proteolytic processing of PTK7 involves several distinct membrane proteinases.
Significance: Therapeutic inhibition of PTK7 shedding could slow cancer progression.

Themembrane PTK7 pseudokinase, a component of both the
canonical and noncanonical/planar cell polarityWnt pathways,
modulates cell polarity and motility in biological processes as
diverse as embryo development and cancer cell invasion. To
determine the individual proteolytic events and biological sig-
nificance of the ectodomain shedding in the PTK7 function, we
used highly invasive fibrosarcoma HT1080 cells as a model sys-
tem. Current evidence suggested a likely link between PTK7
shedding and cell invasion inourHT1080 cellmodel system.We
also demonstrated that in HT1080 cells the cleavage of the
PTK7ectodomainby anADAMproteinasewas coupledwith the
membrane type-1matrixmetalloproteinase (MT1-MMP) cleav-
age of the PKP6212LI site in the seventh Ig-like domain of
PTK7. Proteolytic cleavages led to the generation of two soluble,
N-terminal and two matching C-terminal, cell-associated frag-
ments of PTK7. This proteolysis was a prerequisite for the
intramembrane cleavage of the C-terminal fragments of PTK7
by �-secretase. �-Secretase cleavage was predominantly fol-
lowed by the efficient decay of the resulting C-terminal PTK7
fragment via the proteasome. In contrast, in HT1080 cells,
which overexpressed the C-terminal PTK7 fragment, the latter
readily entered the nucleus. Our data imply that therapeutic
inhibition of PTK7 shedding may be used to slow cancer
progression.

Cells exhibit a well coordinated arsenal of migration and
invasionmechanisms. Understanding of these mechanisms is a
step toward prevention and therapy of a multitude of diseases.
Regardless of the extensive earlier research, our understanding
of certain central molecules of the Wnt pathway, a vital path-
way in both normal development and disease, is limited. The
catalytically inert protein-tyrosine kinase 7 pseudokinase
(PTK7)3 (also known as colon carcinoma kinase-4/CCK-4 in

humans), is an intrinsic component of the Wnt pathway and a
member of a receptor protein-tyrosine pseudokinase (RPTK)
family. Mutant mice with a 1–114 PTK7 truncation die perina-
tally with severe defects (1, 2). It is believed as of now that PTK7
regulates both the canonical Wnt and the noncanonical Wnt/
planar cell polarity (Wnt/PCP) pathways (3–5). In different bio-
logical systems, PTK7 interacts, either directly or indirectly,
with plexins, semaphorins, the receptor for activated-C kinase
1 (RACK1) and protein kinase C �1 (PKC�1), Wnt3a, Wnt8,
and �-catenin (3, 5–10). The full-length membrane 1070-resi-
due long PTK7 (Swiss-Prot number Q13308.2) consists of
seven extracellular immunoglobulin-like (Ig) domains (resi-
dues 31–684), a 685–704 stalk region, a 705–725 transmem-
brane region, a 726–795 juxtamembrane region, and a 796–
1070 catalytically inactive cytoplasmic tyrosine kinase (PTK)
domain that shares over 40% identity with muscle-specific
kinase (MuSK) (11).
PTK7 expression is elevated in the fetal colon and cancer

tissues, including colon, gastric, and lung carcinomas (12–14)
and also in acute myeloid leukemia blast cells (15). In contrast,
the expression of PTK7 is decreased or lost in metastastic mel-
anomas (16) and breast carcinomas (17). Deletions of chromo-
some 6p, where the human PTK7 gene is located (6p21.1), were
also found in a number of cancers (18, 19). The exact function of
PTK7 in cancer remains unclear.
Matrix metalloproteinases (MMPs) and ADAMs (A Disin-

tegrin And Metalloproteinase) belong to zinc endopeptidases
of themetzincin superfamily (20, 21).Membrane type-1matrix
metalloproteinase (MT1-MMP) is a prototypic member of a
membrane-type MMP subfamily. MT1-MMP is distinguished
from soluble MMPs by a C-terminal transmembrane domain
and a cytoplasmic tail (22, 23). Because of its accumulation at
the leading and trailing cell edges, MT1-MMP functions as the
main mediator of the proinvasive pericellular proteolysis in
migrating, polarized cells. MT1-MMP proteolysis degrades
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and controls the functionality of cell adhesion and signaling
receptors, including CD44, integrins, low density lipoprotein
receptor-related protein 1 (LRP1), transglutaminase, and PTK7
(24–33). As a result, proinvasive, protumorigenic MT1-MMP
usurps tumor growth control and stimulates cancer cell inva-
sion andmetastasis (27, 34–36).MT1-MMPalso plays a critical
role in normal development: in contrast with other MMP
knockouts with minor developmental defects, MT1-MMP null
mice are dwarfs and die at adulthood (37, 38).
In humans, the ADAM family includes 19 catalytically active

members. ADAMs exhibit a disintegrin domain, a metallopro-
teinase domain, an EGF-like domain, a transmembrane
domain, and a cytoplasmic domain. The disintegrin-like
domain can bind integrins or other receptors. The metallopro-
teinase-like domain contains a consensus active site sequence
(39, 40).
MMPs and ADAMs are synthesized as inactive zymogens

(39, 41). Once activated, MMPs/ADAMs can be inhibited by
tissue inhibitors of metalloproteinases (TIMPs). Four individ-
ual species of TIMPs are known in humans (TIMP-1, -2, -3, and
-4) (42). The protease/TIMP balance is a major factor regulat-
ing the net metalloproteinase activity in vivo.
Our studies revealed that direct interactions between cellular

MT1-MMP and PTK7 constitute an evolutionary conserved
master switch in directional cell motility. Thus, the PTK7 ect-
odomain was efficiently shed in a variety of cell lines, in which
MT1-MMP was overexpressed, and also in human fibrosar-
comaHT1080 cells with high endogenous levels ofMT1-MMP
(43, 44). MT1-MMP cleaved the exposed PKP6212LI sequence
of the seventh Ig-like domain of the full-length membrane
PTK7 and generated, as a result, anN-terminal, soluble, 65-kDa
ectodomain fragment (N-PTK7–65) and the C-terminal mem-
brane-attached, 50-kDa fragment (C-PTK7–50) that included
the pseudokinase domain. MT1-MMP proteolysis of PTK7
reversed the anti-invasive function of the full-length PTK7
(43, 44).
It is expected that MT1-MMP, however, is not a singular

PTK7 sheddase and that additional proteinases also contribute
to the proteolysis of cellular PTK7. To determine whether the
endogenous proteinases, which are distinct and additional to
MT1-MMP, contribute significantly to the PTK7 shedding, we
used highly migratory fibrosarcoma HT1080 cells. Here, we
provide evidence for the previously uncharacterized proteolytic
mechanisms, which also contribute to the regulation of PTK7
functionality and cancer cell invasion.

MATERIALS AND METHODS

Cells, Antibodies, and Reagents—Original human fibrosar-
coma HT1080 cells (HT1080 cells) and normal mammary epi-
thelial 184B5 cells (184B5 cells) were from ATCC (Manassas,
VA). A goat polyclonal antibody (catalog number AF4499)
against the N-terminal 31–199 portion of PTK7 was from R&D
Systems. A murine monoclonal 3G4 antibody (catalog number
MAB1767) against the catalytic domain of MT1-MMP was
from Millipore. The function blocking, active site-targeting
human recombinant MT1-MMP antibody (DX2400) was
kindly provided by Dyax. Amurine monoclonal antibody and a
goat FITC-conjugated antibody to the V5 tag were from Invit-

rogen. A murine monoclonal FLAG M2 antibody, the FLAG
M2 antibody-agarose beads, a monoclonal actin antibody, and
phorbol 12-myristate 13-acetate (PMA) were from Sigma. Rab-
bit ADAM17/TACE (tumor necrosis factor-� converting
enzyme) polyclonal antibodies were from Abcam and Cell Sig-
naling. The ADAM17 inhibitor INCB3619 was kindly provided
by Incyte. Recombinant TIMP-1 was from Invitrogen. Recom-
binant TIMP-3 and TIMP-4 were from R&D Systems. Recom-
binant TIMP-2 was isolated earlier (45). �-Secretase inhibitor
IX (N-[(3,5-difluorophenyl)acetyl]-L-alanyl-2-phenyl]glycine-
1,1-dimethylethyl ester)was fromCalbiochem.The irreversible
proteasome inhibitor lactacystin was from Enzo Life Sciences.
Cloning and Mutagenesis—HT1080 cells transfected with

the full-length MT1-MMP (MT1-MMP cells), the full-length
PTK7-V5-HIS and PTK7-FLAG constructs (PTK7-V5 and
PTK7-FLAG cells, respectively), and the L622D-FLAG PTK7
mutant with the inactivated MT1-MMP cleavage site (L622D-
FLAG cells) were characterized earlier (43, 44). The shRNA
constructs for the MT1-MMP silencing and the required
scrambled shRNA controls were obtained and characterized
earlier (33, 45, 46). Briefly, the MT1-MMP shRNA target
sequence 5�-GAAGCCUGGCUACAGCAAUAU-3� was
cloned into the psiLentGene Puromycin vector (Promega) and
the resulting construct was then used to transfectHT1080 cells.
Stably transfected cells (shMT1-MMP cells) were selected
using 2 �g/ml of puromycin. MT1-MMP levels were deter-
mined in the selected cells usingWestern blotting with the 3G4
antibody. To obtain the construct coding for the 726–1070
cytoplasmic sequence of PTK7 (PTK7726–1070), we truncated
the PTK7-V5-HIS template sequence using 5�-TGCAAGA-
AGCGCTGC-3� and 5�-CGGCTTGCTGTCCAC-3� as the
forward and reverse primers, respectively, in the PCR. The
resulting constructs were subcloned into the pcDNA3.1D/
V5-His-TOPO directional TOPO expression vector (Invitro-
gen). The full-length PTK7-FLAG and PTK7-V5 constructs
were also transiently expressed in HT1080, MT1-MMP, and
shMT1-MMP cells. For this purpose, cells (1 � 105/well) were
seeded in wells of a 12-well tissue culture plate. Cells were then
transfected with the PTK7 constructs using Lipofectamine
2000 (Invitrogen). In 24 h, cells were incubated in serum-free
DMEM for an additional 16 h, with or without the stimulation
by PMA (50 ng/ml). The levels of the soluble PTK7 fragments
were measured in the medium samples usingWestern blotting
with the PTK7 antibody. In our studies, we also used 184B5 cells
infected with the MT1-MMP-V5 lentiviral construct (184B5-
MT1 cells), which were isolated earlier (47).
Detection of the Soluble PTK7 Ectodomain in the Medium

Samples—Cells were grown to reach a 60–90% confluence in
wells of a 12-well tissue culture plate (BD Biosciences). Cells
were washed with and then transferred to fresh serum-free
DMEM (0.5 ml/well). PMA (50 ng/ml) and the inhibitors were
added to the cells at the indicated concentrations and incuba-
tionwas continued for an additional 16 h. Themedium aliquots
were then withdrawn and centrifuged to remove cell debris.
The supernatant was concentrated until dryness using a Speed-
Vac. To remove salt, the pellet was washed using acetone, dis-
solved in 1% SDS, and centrifuged to remove insolublematerial
(14,000 � g, 10 min). The supernatant aliquots were separated
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by SDS-gel electrophoresis in 4–12% NuPAGE gels (Invitro-
gen). The soluble species of PTK7 were detected by Western
blotting with a goat polyclonal PTK7 antibody. The blots were
scanned and digitized. The band density was measured using
ImageJ.
Total Cell Lysates—Cells were lysed using 0.1 ml of 20 mM

Tris-HCl, pH7.4, containing 1%deoxycholate, 1% IGEPAL, 150
mMNaCl, a protease inhibitor mixture III (Sigma), 1 mM phen-
ylmethylsulfonyl fluoride, and 10mMEDTA. The samples were
centrifuged at 4 °C (14,000 � g, 15 min). The protein concen-
tration in the supernatant samples was adjusted to 1 mg/ml.
The sample aliquots (30 �g of total protein each) were sepa-
rated by SDS-gel electrophoresis in 4–12% NuPAGE gels and
analyzed by Western blotting with the specific primary anti-
bodies followed by horseradish peroxidase-conjugated species-
specific secondary antibody (Fitzgerald) and the 3,3�,5,5�-te-
tramethylbenzidine-M substrate (BioFX).
Cell Surface Biotinylation—Cell surface proteins were bioti-

nylated by incubating cells for 1 h on ice in PBS containing 0.1
mg/ml of EZ-Link sulfosuccinimidyl 2-(biotinamido)-ethyl-
1,3-dithiopropionate. Cells were lysed in 20 mM Tris-HCl, 150
mM NaCl, 1% deoxycholate, and 1% octylphenoxypoly-
ethoxyethanol (IGEPAL), pH 7.4, supplemented with a prote-
ase inhibitor mixture set III (Sigma), 1 mM phenylmethylsulfo-
nyl fluoride, and 10 mM EDTA. Biotinylated proteins were
precipitated from cell lysates using streptavidin-agarose beads
(Sigma). Biotinylated proteins were eluted from the beads using
2� SDS sample loading buffer (125 mM Tris-HCl, pH 6.8, 4%
SDS, 0.005% bromphenol blue, 20% glycerol, and 20 mMDTT).
Gelatin Zymography of MMP-2—To determine the status of

endogenous MMP-2, cells were incubated in serum-free
medium for 16 h. Medium samples were analyzed by gelatin
zymography in 0.1% gelatin, 10% acrylamide gels as described
earlier (46).
Immunofluorescence—Cells grown on a microscope cover-

glass (Fisher) were fixed using 4% paraformaldehyde, permea-
bilized with 0.1% Triton X-100, and blocked in 1% casein. Cells
were stained using the indicated primary antibodies (1:1,000
dilution) for 16 h at 4 °C followed by Alexa Fluor 488-or Alexa
Fluor 594-conjugated species-specific secondary antibodies
(Molecular Probes; 1:500 dilution). The Alexa Fluor 594-con-
jugated phalloidin (Molecular Probes; 1:500 dilution) was used
to visualize the actin cytoskeleton. The specimens were
mounted in the Vectashield mounting medium with 4�,6-di-
amidino-2-phenylindole (DAPI) (Vector Laboratories). Images
were acquired on an Olympus BX51 fluorescence microscope
equipped with aMagnaFire digital camera andMagnaFire 2.1C
software (Olympus).
Cell InvasionAssay—Toassess cell locomotion,we employed

a modified invasion assay. For this purpose, rat tail type I colla-
gen (BD Biosciences, 0.3 mg/ml) was used to coat the 8-�m
pore size membranes of the wells of a 24-well plate (0.1
ml/well). The solution was allowed to evaporate to dryness in
the tissue culture hood. The collagen layer was then re-hy-
drated for 1 h using 0.1 ml of DMEM. Cells (1 � 105/80 �l) in
ice-cold serum-free DMEM were mixed with 20 �l of ice-cold
collagen (3 mg/ml) and the sample was placed into the upper
chamber. The ice-cold 10% FBS-containing DMEM (0.6 ml,

used as a chemoattractant) was placed in the lower chamber.
Serum-free DMEM (0.6 ml) was used as a control. Cells were
allowed to invade for 16 h at 37 °C in a CO2 incubator. Under
our experimental conditions, over 50% HT1080 cells migrated
to the membrane undersurface. The cells were then stained for
10 min using 0.5 ml of 0.2% crystal violet in 20%methanol. The
cells on the upper membrane surface were removed with a cot-
ton swab. The dye from the cells that migrated onto the lower
surface of the membrane was extracted with 1% SDS (0.25 ml).
The resulting OD570 nm was measured using a plate reader. To
acquire the statistically significant data, the assays were per-
formed in triplicate in three independent experiments.

RESULTS

PTK7Ectodomain Is Processed at TwoDistinct Cleavage Sites—
To evaluate in more detail the processing of membrane PTK7
by the endogenous proteinases, we specifically selected to use
highly invasive HT1080 cells. In the course of our study, we
used cells expressing full-length PTK7 tagged with either the
C-terminal FLAG or V5 tags (PTK7-V5 or PTK7-FLAG cells).
We also used the cells expressing the L622D-FLAG PTK7
mutant resistant to MT1-MMP processing at the PKP6212LI
sequence (L622D-FLAG cells). To observe the effects of over-
expression of MT1-MMP on PTK7, we employed cells stably
transfected with the wild-type full-length MT1-MMP con-
struct (MT1-MMP cells), whereas MT1-MMP transcriptional
silencingwas achieved in cells that stably expressed the shMT1-
MMP construct (shMT1-MMP cells).
The shed PTK7 fragments were detected in the medium

samples using Western blotting with goat polyclonal antibody
against the N-terminal sequence of PTK7. Two, 65 and 70 kDa,
shed PTK7 formswere detected in PTK7-V5 cells (N-PTK7–65
and N-PTK7–70, respectively, Fig. 1A, lane 1).
PMA (50 ng/ml), a well studied inducer of receptor shedding

(48–51), significantly increased the levels of both soluble PTK7
fragments (Fig. 1A, lane 4). The levels of N-PTK7–65 and
N-PTK7–70 in the medium directly correlated with the levels
of the C-terminal, C-PTK7–50 and C-PTK7–45, PTK7 frag-
ments in the total cell lysate. The generation of N-PTK7–65
and the corresponding C-PTK7–50 were blocked by DX2400,
the MT1-MMP-specific function-blocking antibody (Fig. 1A,
lanes 2 and 5). On the contrary, the production of N-PTK7–70
was resistant to DX2400. Shedding of both N-PTK7–65 and
N-PTK7–70 was completely blocked by GM6001 (Ilomastat), a
broad spectrumMMP inhibitor (Fig. 1A, lanes 3 and 6).
In PTK7-FLAG cells, PMA stimulated the release of

N-PTK7–65 and N-PTK7–70 fragments in the medium and
accumulation of the matching C-PTK7–50 and C-PTK7–45
fragments in cell lysates (Fig. 1B). In contrast, in L622D-FLAG
cells, which exhibited the inactivated PKP6212LI MT1-MMP
cleavage site, PMA stimulated the shedding of N-PTK7–70
alone (Fig. 1B). The presence of soluble N-PTK7–70 in the
mediumwas directly correlatedwith thematchingC-PTK7–45
fragment alone in the cell lysate. Cell surface biotinylation
followed by the capture of the biotin-labeled proteins on
streptavidin beads andWestern blotting of the captured pro-
teins demonstrated an exceedingly low level of endogenous
PTK7 in the original HT1080 cells. In turn, transfection of
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the latter with the PTK7-FLAG and L622D-FLAG constructs
resulted in a high level of PTK7 in PTK7-FLAG and L622D-
FLAG cells, respectively (Fig. 1B). Overexpression of the
PTK7-FLAG and L622D-FLAG constructs did not affect
MT1-MMP-dependent conversion of the 68-kDa proen-
zyme into the 62-kDa enzyme of MMP-2. Accordingly, we
suggested that PTK7 did not directly interfere with MT1-
MMP catalytic activity (Fig. 1B).

To corroborate the data we obtained using HT1080 cells, we
next employed normal mammary epithelial 184B5 cells. We
specifically selected 184B5 cells for our experiments because
these cells endogenously express significant levels of PTK7. In
our experiments, we used both noninvasive 184B5 and invasive
184B5-MT1 cells. The latter acquired invasive capabilities
because of the stable overexpression of MT1-MMP (47). We
determined that the levels of the released PTK7 ectodomain
was exceedingly low in nonstimulated 184B5 cells (Fig. 2A, lane
1). PMA (50 ng/ml) increased the release of the soluble
N-PTK7–70 fragment in 184B5 cells (Fig. 2A, lane 2). The
PMA-induced release of the N-PTK7–70 fragment was not
affected byDX2400 (Fig. 2A, lane 3) but, in contrast, the release

of this fragment was completely repressed by GM6001 (Fig. 2A,
lane 4) in 184B5 cells. In turn, in 184B5-MT1 cells the soluble
N-PTK7–65 fragment was predominantly detected in medium
samples (Fig. 2A, lane 5). Consistent with our observations in
HT1080 cells, PMA stimulated the release of both soluble
N-PTK7–65 and N-PTK7–70 fragments in 184B5-MT1 cells
(Fig. 2A, lane 6). In agreement with its anti-MT1-MMP speci-
ficity, DX2400 inhibited shedding of the N-PTK7–65 fragment
alone (Fig. 2A, lane 7), whereas GM6001 completely blocked
the release of both N-PTK7–65 and N-PTK7–70 fragments in
184B5-MT1 cells (Fig. 2A, lane 8). In agreement with the role of
MT1-MMP in PTK7 ectodomain shedding, DX2400 and
GM6001 efficiently inhibited the catalytic activity and, conse-
quently, the autocatalytic degradation ofMT1-MMP in 184B5-
MT1 cells. As a result ofMT1-MMP inhibition byGM6001 and
DX2400, the levels of theMT1-MMP enzyme increased but the
levels of the MT1-MMP 45-kDa degradation fragment
decreased in 184B5-MT1 cells (Fig. 2A, lanes 7 and 8).We con-
cluded that MT1-MMP contributed to release of the
N-PTK7–65 fragment, whereas a metalloproteinase, which
was additional and distinct from MT1-MMP, contributed to

FIGURE 1. The PTK7 ectodomain shedding at the two distinct cleavage sites is followed by �-secretase cleavage. A, the individual and combined effects
of GM6001 (a broad spectrum metalloproteinase inhibitor), DX2400 (a function blocking MT1-MMP antibody), and inhibitor IX (a �-secretase inhibitor) on PTK7
shedding (SHED) and residual cellular PTK7 fragments (CELL LYSATE) in intact and PMA-stimulated PTK7-V5 cells. Actin, loading control. B, the generation of the
N-PTK7– 65 ectodomain fragment and the matching C-PTK7–50 fragment was blocked in the MT1-MMP-resistant PTK7 L622D mutant. Top panel, PTK7
fragments in medium (SHED) and total cell lysate (CELL LYSATE) in HT1080, PTK7-FLAG, and L622D-FLAG cells. Actin, loading control. Middle panel, the levels of
biotinylated membrane PTK7 in HT1080, PTK7-FLAG, and L622D-FLAG cells (BIOTIN). Bottom panel, gelatin zymography of the medium samples (ZYMO). The
N-PTK7– 65 fragment and the matching C-PTK7–50 fragment are shown by open arrows. The N-PTK7–70 fragment and the matching C-PTK7– 456 fragment are
shown by solid arrows. The C-PTK7-� �-secretase fragment is shown by a thin arrow. WB, Western blotting. C, a model of the full-length membrane PTK7 with
the MT1-MMP and ADAM cleavage sites. Cleavage of the PKP6212LI site in the seventh Ig-like domain (MT1-MMP, open arrow) generates the N-terminal
N-PTK7– 65 ectodomain fragment and the matching C-terminal C-PTK7–50 fragment. Cleavage of the peptide sequence that is proximal to the plasma
membrane (ADAM, solid arrow) generates the N-terminal N-PTK7–70 ectodomain fragment and the matching C-terminal C-PTK7– 45 fragment. Intramem-
brane cleavage by �-secretase (thin arrow) generates the cytoplasmic C-PTK7-� fragment. Ig, immunoglobulin-like domains 1–7. TM, transmembrane domain.
JM, juxtamembrane region. PTK, catalytically inactive pseudokinase domain.

Proteolytic Regulation of PTK7

42012 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 50 • DECEMBER 7, 2012



release of the N-PTK7–70 ectodomain fragment in both
HT1080 and 184B5 cells.
Shedding of the PTK7 Ectodomain Is followed by �-Secretase

Cleavage of the PTK7C-terminal Portion—Because �-secretase
cleavage follows the PMA-induced shedding of multiple recep-
tors (52–57), we investigated if �-secretase cleaved the cell-
associated, C-terminal fragments of PTK7. To inhibit the
putative �-secretase cellular activity, we used a specific
�-secretase inhibitor (Inhibitor IX; IC50 � 115 nM against
�-secretase). When compared with the PMA-stimulated
PTK7-V5 cells (Fig. 1A, lane 4), the inhibition of �-secretase
caused an accumulation of the C-PTK7–45 fragment with a
concomitant gross decline in the levels of the low molecular
weight fragment labeled as C-PTK7-� (Fig. 1A, lane 7). The
MMP inhibitor (GM6001) prevented generation of the
C-PTK7-� species (Fig. 1A, lanes 6 and 8). These results

imply that metalloproteinase proteolysis of the PTK7 ect-
odomain is required for �-secretase cleavage of the C-termi-
nal portion of PTK7.
Consistent with the role of MT1-MMP in PTK7 ectodomain

shedding, MT1-MMP silencing blocked the generation of
N-PTK7–65 and C-PTK7–50 in shMT1-MMP cells (Fig. 2, B,
lanes 4 and 5, and C). In a similar way, in HT1080 cells tran-
siently transfected with the PTK7-V5 construct, inhibition of
MT1-MMP activity using DX2400 abrogated the release of the
soluble N-PTK7–65 fragment into the medium and the accu-
mulation of the C-PTK7–50 fragment in the cell lysate (Fig. 2B,
lane 3). In agreement, both the inhibition of MT1-MMP activ-
ity by the DX2400 antibody (Figs. 1A and 2B) and transcrip-
tional silencing of MT1-MMP by the shMT1-MMP construct
(Fig. 2B) blocked the accumulation of C-PTK7-�, suggesting
that proteolysis of the PTK7 ectodomain by MT1-MMP was

FIGURE 2. MT1-MMP specifically generates the N-PTK7– 65 and matching C-PTK7–50 fragments. A, effect of the specific MT1-MMP inhibitor
(DX2400) and the wide-range hydroxamate metalloproteinase inhibitor (GM6001) on PTK7 shedding in 184B5 and 184B5-MT1 cells. Intact and PMA-
stimulated cells were coincubated with DX2400 and GM6001. The levels of the soluble N-PTK7– 65 and N-PTK7–70 ectodomain fragments were
measured in the medium samples (SHED) using Western blotting with the PTK7 antibody. The status of the overexpressed MT1-MMP-V5 construct was
assessed in cell lysates (CELL LYSATE) using Western blotting with the V5 antibody. Actin, loading control. B, silencing and activity inhibition of MT1-MMP
using shRNA and DX2400 in HT1080 and shMT1-MMP cells transiently transfected with the PTK7-V5 construct. C, MT1-MMP silencing specifically inhibits
the N-PTK7– 65 shedding. PTK7-FLAG construct was transiently expressed in HT1080, shMT1-MMP, and MT1-MMP cells. MT1-MMP was measured in the
cell lysates (CELL LYSATE) using Western blotting (WB) with the 3G4 antibody. The N-PTK7– 65 fragment and the matching C-PTK7–50 fragment are
shown by open arrows. The N-PTK7–70 fragment and the matching C-PTK7– 45 fragment are shown by solid arrows. The C-PTK7-� �-secretase fragment
is shown by a thin arrow.
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required for the follow-on cleavage of the cell-associated C-ter-
minal PTK7 portion by �-secretase (Figs. 1A and 2B).

While our manuscript was under review, ADAM17 and
�-secretase were reported to contribute to proteolysis of PTK7
in colon cancer SW480 cells (58). According to this paper,
ADAM17 cleavage of the Glu689-Ser690 scissile bond in mem-
brane PTK7 generated the 100-kDa soluble ectodomain frag-
ment. This fragment roughly corresponds to our N-PTK7–70.
According to the data of Na et al. (58), �-secretase cleaved the
Gly721-Leu722 PTK7 sequence and, as a result, generated the
fragment that corresponded to the C-PTK7-� fragment we
observed in HT1080 cells. The characteristics of the PTK7 pro-
teolytic fragments are summarized in Table 1.
ProteasomalDegradation follows theCleavage of theC-termi-

nal PTK7 Fragment by �-Secretase—We next examined if the
C-terminal PTK7 proteolytic fragments are subjected to the
proteasomal degradation. The intact and PMA-stimulated
PTK7-FLAGcells were coincubatedwith lactacystin, a selective
inhibitor that irreversibly alkylates subunit X of the 20 S pro-
teasome (59). To specifically visualize theC-terminal portion of
the PTK7-FLAG construct, cells were stained with the FLAG
antibody. In both intact and PMA-stimulated cells, lactacystin
caused accumulation of PTK7-FLAG immunoreactivity in the
perinuclear region that corresponds to typical localization of
the proteasomes (Fig. 3A). Under our experimental conditions,
we did not observe any significant FLAG immunoreactivity in
the nucleus. Similar observations were obtained in PTK7-V5
cells in which the PTK7-V5 construct was stained with V5 anti-
body (not shown). Inhibition of the proteasomal degradation of
the C-terminal PTK7 portion by lactacystin correlated with
accumulation of the C-PTK7-� fragment in PTK7-V5 cells
(Fig. 3B).
The Recombinant Cytoplasmic PTK7726–1070 Translocated

into the Cell Nucleus—To determine the fate, cellular localiza-
tion, and potential individual function of the C-terminal por-
tion of PTK7,wedesigned thePTK7726–1070 construct.Thecon-
struct was then expressed in HT1080 cells. The PTK7726–1070
construct comprised a 726–795 juxtamembrane region and a
796–1070 kinase domain andC terminally taggedwith aV5 tag.
Although the C-PTK7-� fragment predominantly underwent
proteasomal degradation in PTK7-FLAG and PTK7-V5 cells,
the recombinant, transiently expressed PTK7726–1070 con-
struct predominantly accumulated in the nuclei of HT1080
cells (Fig. 3C). A high expression level of the construct was
readily confirmed using Western blotting with a V5 antibody
(Fig. 3D). It is likely that low levels of the C-PTK7-� fragment in
PTK7-FLAG and PTK7-V5 cells that were generated as a result
of �-secretase cleavage limited our ability of detecting this frag-
ment in the nucleus.

Shedding of the PTK7 Ectodomain Might Contribute to Cell
Invasion—To get an additional level of mechanistic under-
standing of the PTK7 ectodomain shedding, we then deter-
mined the effect of TIMPs, natural protein inhibitors of MMPs
and ADAMs (39, 42). TIMP-1 is an inefficient inhibitor of
MT1-MMP and many ADAMs excluding ADAM10 (ki � 0.1
nM) (40, 60). TIMP-2 and, especially TIMP-3 are highly potent
inhibitors of MT1-MMP and ADAM17 (40, 42, 61–65). Cer-
tain ADAM family members, including ADAM8 and ADAM9,
are not inhibited by the TIMPs, including TIMP-4 (66).
TIMP-4, however, displays a very high inhibitory potency
against MT1-MMP (ki � 100 pM) (67) but a modest inhibitory
activity against ADAM17 (ki � 120–180 nM) (68).
TIMPs were tested using both PTK7-FLAG and L622D-

FLAG cells. The cells were stimulated with PMA (50 ng/ml) in
the presence of TIMPs-1, -2, -3, and -4 (50 ng/ml each). In 16 h,
levels of the N-PTK7–65 and N-PTK7–70 fragments were
measured in medium using Western blotting with the PTK7
antibody (Fig. 4A). TIMP-1 did not affect PTK7 shedding.
TIMP-2 significantly reduced the release of N-PTK7–65 by
PTK7-FLAG cells. TIMP-3 reduced shedding of both the
N-PTK7–65 and N-PTK7–70 fragments in PTK7-FLAG cells
and the N-PTK7–70 fragment in L622D-FLAG cells. TIMP-4
repressed the release of N-PTK7–65 in PTK7-FLAG cells (Fig.
4A). To specifically determine the effect of TIMPs on PTK7-
FLAG cell invasion, we employed a modified invasion assay
using Transwells (Costar) coated with type I collagen gel. The
individual TIMPs (50 ng/ml each)were added to both the upper
and bottom chambers. There was a direct correlation of the
shed PTK7 levels with cell invasion (Fig. 4, A and B). TIMP-2
and TIMP-4, which inhibited N-PTK7–65 shedding alone,
reduced cell invasion by �60% as compared with intact PTK7-
FLAG cells (�100%). TIMP-3 that inhibited shedding of both
the N-PTK7–65 and N-PTK7–70 fragments reduced cell inva-
sion by �80%. TIMP-1 did not inhibit PTK7 shedding and had
no effect on cell invasion (Fig. 4B).
To support these observations, we also employed INCB3619,

a potent inhibitor of ADAMs (ADAM17; IC50 � 14 nM and
ADAM10, IC50 � 22 nM (69, 70)) and MMPs (MT1-MMP;
IC50 � 772 nM MT1-MMP). INCB3619 (5 �M) efficiently
blocked the release of both the soluble N-PTK7–65 and
N-PTK7–70 fragments in PMA-stimulated PTK7-FLAG and
L622D-FLAG cells and, reciprocally, rescued the presentation
of the full-length membrane PTK7 in these cells (Fig. 4C).
We also studied the effect of INCB3619 (5 �M) on cell inva-

sion in HT1080, shMT1-MMP, PTK7-FLAG, and L622D-
FLAG cells (Fig. 4D). INCB3619 reduced the invasion rate of
the original HT1080 cells by �50%. In agreement with our pre-
vious data (43, 44), silencing of MT1-MMP (shMT1-MMP

TABLE 1
Proteolytic fragments of PTK7
The fragments we identified in our work were named according to their theoretical molecular weight. These fragments were compared to those identified by Na et al. (58).

PTK7 fragment Sequence position Calculated mass Corresponding fragment in the study by Na et al.

Da
N-PTK7–70 31–689 73,050.65 sPTK7, 100 kDa
N-PTK7–65 31–621 65,455.93 Not identified
C-PTK7–50 622–1070 49,746.09 Not identified
C-PTK7–45 690–1070 42,264.53 CTF1
C-PTK7-� 722–1070 39,124.82 CTF2
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cells) caused a roughly 50% reduction in cell invasion compared
withHT1080 cells. INCB3619 did not decrease the cell invasion
rate of MT1-MMP-deficient shMT1-MMP cells. Overexpres-
sion of the full-length PTK7 alone (PTK7-FLAG cells) reduced
cell invasion by 40% compared with HT1080 cells. INCB3619
reduced the invasion rate of PTK7-FLAG cells much further.
Expression of the MT1-MMP-uncleavable L622D PTK7

mutant alone (L622D-FLAGcells) reduced the invasion by 60%,
whereas INCB3619 caused a near complete inhibition of inva-
sion in these cells (Fig. 4D).
Specifically, a direct comparison of shMT1-MMP cells (in

whichMT1-MMPexpressionwas silenced and the endogenous
PTK7 expression was low) with PTK7-FLAG cells (in which
MT1-MMP expression was high and PTK7was overexpressed)

FIGURE 3. Proteasomal degradation of the C-terminal PTK7 fragments. A, proteasomal inhibitor lactacystin induced an accumulation of PTK7-FLAG in the
perinuclear region. PMA stimulation did not induce the PTK7 translocation to the nuclei. FLAG immunoreactivity (green) of the PTK7-FLAG construct is shown
in PMA-induced and lactacystin-treated PTK7-FLAG cells. The dashed, open, and solid arrows point to cell-cell junctions, membrane ruffles, and the perinuclear
region, respectively. B, lactacystin induces an accumulation of C-PTK7-� in lactacystin-treated PTK7-V5 cells. The total cell lysate samples were analyzed by
Western blotting (WB) with a V5 antibody. C, the recombinant PTK7726 –1070 construct (green) accumulates in the nucleus in the transiently transfected HT1080
cells. The recombinant PTK7726 –1070 construct was tagged with a V5 tag. Actin (phalloidin) and the nuclei (DAPI) are red and blue, respectively. An asterisk
indicates the nucleus in the cell that expressed the PTK7726 –1070 construct. D, expression of the recombinant PTK7726 –1070 construct in HT1080 cells. Cell lysate
samples were analyzed by Western blotting with a V5 antibody.

FIGURE 4. Metalloproteinase inhibitors differentially regulate PTK7 shedding and cell invasion. A, effect of TIMP-1, -2, -3, and -4 on PTK7 shedding.
Cells were stimulated with PMA (50 ng/ml) in the presence of the TIMPs (50 ng/ml each). Medium samples (SHED) and total cell lysates (CELL LYSATE) were
analyzed using Western blotting (WB) with a PTK7 antibody. The N-PTK7– 65 and N-PTK7–70 fragments are shown by open and solid arrows, respectively.
Actin, loading control. B, effect of TIMP-1, -2, -3, and -4 on invasion of PTK7-FLAG cells in collagen. The levels of cell invasion are shown in percent (�S.D.,
error bars) relative to the untreated PTK7-FLAG cell control (�100%). Where indicated, TIMP-1, -2, -3, and -4 (50 ng/ml each) were added to the upper and
lower chambers. FBS (10%) in the lower chamber was used as an attractant. The assays were performed in triplicate. C, INCB3619 (5 �M) repressed the
release of the soluble N-PTK7– 65 and N-PTK7–70 fragments (open and solid arrows, respectively) in PTK7-FLAG and L622D-FLAG cells. Where indicated,
cells were stimulated with PMA (50 ng/ml). Medium samples (SHED) and total cell lysates (CELL LYSATE) were analyzed using Western blotting (WB) with
the PTK7 and FLAG M2 antibodies, respectively. D, INCB3619 inhibited cell invasion in Transwells coated with type I collagen. HT1080, shMT1-MMP,
PTK7-FLAG, and L622D-FLAG cells migrated toward 10% FBS in the lower chamber. Where indicated, INCB3619 (5 �M) was added to the upper and lower
chambers. The levels of cell invasion are shown in percent (�S.D., error bars) compared with the untreated HT1080 cell control (� 100%). The assays were
performed in triplicate.
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suggested a role of PTK7 in cell invasion (Fig. 4D). In general,
the results of our cell invasion tests correlated with the status of
PTK7 in these cells (Fig. 4, C and D).

DISCUSSION

Our earlier studies provided evidence that the full-length
membrane PTK7 and, especially the MT1-MMP uncleavable
L622D mutant inhibited cell invasion and altered the actin
cytoskeleton in HT1080 cells (44). Specifically, our earlier data
suggested that there was a link between efficiency of the prote-
olysis of the PTK7 ectodomain and cell invasion. Thus, the Chz
PTK7mutant exhibited an additional MMP cleavage site in the
ectodomain. As compared with the wild-type and especially
L622Dmutant PTK7, theChzmutant was efficiently shed from
the cell surface and promoted cell invasion (43). We deter-
mined that the PTK7 ectodomainwas amajor cleavage target of
invasion-promoting MT1-MMP at the cell surface.
In our present studywe focused on achieving a deeper under-

standing of the proteolytic regulation of the membrane PTK7
and on the effect of PTK7 processing in cell invasion. For these
purposes, we specifically employed highly invasive HT1080
cells in our study. The original HT1080 cells express low levels
of endogenous PTK7but significant endogenous levels of active
MT1-MMPandADAMs.These parameters allowed us to read-
ily manipulate the levels of wild-type and mutant PTK7 in
transfected cells.
To understand the regulatory proteolysis of membrane

PTK7 in more detail, we performed our studies in intact and
PMA-stimulated HT1080 cells that co-expressed MT1-MMP,
the wild-type membrane 1–1070 PTK7, and PTK7 mutants
with the modified putative proteinase cleavage sites. In addi-
tion, we used the cells with silenced MT1-MMP and the indi-
vidual ADAM family members. To discriminate between the
individual steps of PTK7 processing, TIMPs-1, -2, -3, and -4,
the function-blocking MT1-MMP monoclonal antibody
(DX2400), small-molecule ADAM, and MMP inhibitor
(INCB3619), inhibitors of the proteasome and �-secretase (lac-
tacystin and inhibitor IX, respectively), were widely used in our
study.
We established that the PTK7 ectodomain was processed at

two distinct cleavage sites. The first cleavage caused the release
of the soluble N-PTK7–65 ectodomain fragment and the gen-
eration of thematching cell-associatedC-PTK7–50 specieswas
the result ofMT1-MMPproteolysis. The second cleavage in the
C-terminal portion of the PTK7 ectodomain was performed by
ADAMs. This cleavage led to the release of the soluble
N-PTK7–70 fragment and to generation of the matching cell-
associated C-PTK7–45 form. Based on the size of the PTK7
fragment we predicted that ADAM-dependent cleavage took
place in the 678–704 C-terminal region of the PTK7 ectodo-
main that was adjacent to the cell membrane, an appropriate
location for theADAM-dependent excisions. In agreement, the
data on inhibition of PTK7 shedding by TIMPs and INCB3619,
an MMP and ADAM inhibitor, support this prediction.
Accordingly, while our article was under review, ADAM17 was
reported to contribute to PTK7 ectodomain shedding in colon
cancer SW480 cells (58).

In our experiments, however, TIMP-4, which displays an
inhibitory activity against ADAM17 (ki � 120–180 nM) (68),
did not repress ADAM-mediated generation of the
N-PTK7–70 fragment. Therefore, we hypothesize that because
of the functional redundancy in the ADAM family, multiple
ADAMs, rather than a singular principal ADAM member
alone, contributed to PTK7 ectodomain shedding in HT1080
cells. Conversely, a high sensitivity of the C-terminal portion of
the PTK7 ectodomain to cleavages suggests an importance of
ADAM proteolysis in the regulation of the PTK7 functionality.
It is likely that in different cell systems the distinct ADAM fam-
ily members would function as PTK7 sheddases.
Our experiments also suggested that MT1-MMP and

ADAMproteolysis of PTK7was a prerequisite for the follow-on
intramembrane �-secretase cleavage of the C-terminal mem-
brane portion of PTK7. This portion was then decayed via pro-
teasomal degradation in our cell system. On the contrary, the
recombinant PTK7726–1070 construct that is similar to the
�-secretase fragment of PTK7 readily entered the nuclei in
HT1080 cells. However, in contrast with the observation by
others in colon cancer SW480 cells (57), this fragment did not
stimulate invasion of HT1080 cells. We suspect that the pre-
existing high invasive potential of HT1080 cells did not allow us
to readily identify the proinvasive effect of PTK7726–1070 in our
cell system.
It is generally accepted that cell invasion is regulated by the

MT1-MMP-dependent ECM proteolysis. It is also established
that actin cytoskeleton remodeling and contractility are
involved in the regulation of cell motility. It is likely that both
ECM proteolysis and cytoskeleton dynamics contribute to cell
invasiveness. Based on our previous and current observations,
it is now tempting to suggest that ectodomain shedding and
processing of PTK7 contributes to cell invasion via affecting the
cytoskeleton and that this event is additional to the ECM pro-
teolysis by MT1-MMP and ADAMs (44). Thus, full-length
PTK7 inhibits actin cytoskeleton contractility, whereas by
shedding the PTK7 ectodomain the metalloproteinase activity
reverses this inhibitory effect. In agreement, MT1-MMP tran-
scriptional silencing reduced invasion of PTK7-deficient
HT1080 shMT1-MMP cells by 50%.We suspect that this effect
is a result of the repressed ECM degradation. On the other
hand, overexpression of the PTK7-FLAG that reduced cyto-
skeleton contractility (43, 44) inhibited cell invasion also by
50%, although the MT1-MMP activity was not affected.
Accordingly, we now suspect that this effect we observed in the
HT1080 PTK7-FLAG cells is linked to the PTK7 effect on the
cytoskeleton rather than related to ECM degradation. When
both overexpression of the PTK7-FLAG (and L622D-FLAG)
and the pharmacological inhibition of the metalloproteinase
activity were combined, the invasion of cells was blocked com-
pletely. We believe that the stabilization of membrane PTK7 at
the cell surface is an important factor that controls cell invasion
by targeting actin cytoskeleton contractility (43, 44).
Based on our results, it is likely that metalloproteinase inhib-

itors would suppress cancer cell invasion most efficiently in
malignancies, which express PTK7. Using HT1080 and 184B5
cells as a model, our studies recognized novel steps in the step-
wise proteolytic regulation of PTK7 functionality and gener-
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ated testable hypotheses. The latter can be experimentally pur-
sued to fully understand the precise molecular events the
aberrations of which result in cell motility defects in patholog-
ical conditions.
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